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IMAGE ACQUISITION DEVICE AND IMAGE
ACQUISITION SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s a continuation of International Application PCT/
JP2017/018405, with an international filing date of May 16,
2017, which 1s hereby incorporated by reference herein 1n 1ts
entirety.

TECHNICAL FIELD

The present invention relates to an i1mage acquisition
device and an 1mage acquisition system.

BACKGROUND ART

There 1s a well-known technology regarding light-field
image acquisition devices: that include an 1image acquisition
clement 1n which a plurality of pixels are two-dimensionally
arranged, and a microlens array having microlenses
arranged on the subject side with respect to the image
acquisition element so as to correspond to units of pixels of
the 1image acquisition element; and that acquire an 1image of
a three-dimensional distribution of the subject (refer to, for
example, Japanese Unexamined Patent Application, Publi-
cation No. 2010-102230).

In order to flexibly meet demands for various represen-
tation directions in a camera and various methods for
observing a subject with a microscope, 1t 1s desirable that the
camera and microscope can provide, with a simple configu-
ration, 1mages such as light-field images that produce, from
the same subject, different effects from those of normally
acquired 1mages (1mages that produce diflerent effects from
those of such normally acquired 1mages are referred to as,
for example, functional 1images). In general, devices for
providing images that produce diflerent eflects from those of
normally acquired 1mages have a highly specialized con-
figuration, as do conventional light-field image acquisition
devices.

When inserted between the lens and the body of the
lens-interchangeable camera, the camera lens adaptor
described 1n Japanese Unexamined Patent Application, Pub-
lication No. 2010-102230 allows light-field images to be

acquired.

SUMMARY OF INVENTION

A first aspect of the present mnvention 1s an 1mage acqui-
sition device including: an image-acquisition optical system
that focuses light from a subject and that forms a primary
image of the subject; a microlens array having a plurality of
microlenses that are two-dimensionally arranged at a posi-
tion of the primary 1mage formed by the 1image-acquisition
optical system or at a position conjugate to the primary
image and that focus light from the 1mage-acquisition opti-
cal system; a pupil modulation element that 1s disposed at
the position of an exit pupil of the image-acquisition optical
system, said exit pupil being located on the subject side with
respect to the microlens array, or at a position conjugate to
the exit pupil and that applies modulation of a phase
distribution and/or a transmittance distribution to light to be
made incident on the plurality of microlenses via the image-
acquisition optical system; a light receiving unit that has a
plurality of light receiving elements arranged in units of
regions corresponding to the plurality of microlenses, that
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2

receives the light focused by the plurality of microlenses,
and that performs photoelectric conversion of the light; an
adjusting unmit that switches between a first arrangement state
in which the plurality of light receiving elements are
arranged at back focal positions of the microlenses or at
positions conjugate to the back focal positions and a second
arrangement state 1n which the plurality of light receiving
clements are arranged in the vicinities of principal point
positions of the microlenses or at positions conjugate to the
principal point positions; a memory unit that stores a first
point 1mage intensity distribution indicating a point image
intensity distribution for each position on the subject at the
light recerving unit 1n the first arrangement state and a
second point 1mage intensity distribution indicating a point
image intensity distribution of the subject at the light rece1v-
ing unit 1n the second arrangement state; and an arithmetic
operation unit that generates a first processed 1image by using
the first point 1image intensity distribution stored in the
memory unit and first image information obtained by pho-
toelectric conversion by the light recerving unit in the first
arrangement state and that generates a second processed
image by using the second point image intensity distribution
stored 1n the memory unit and second 1mage information
obtained by photoelectric conversion by the light receiving
unit i the second arrangement state.

A second aspect of the present invention 1s an 1mage
acquisition system including: an 1mage acquisition device
including an 1mage-acquisition optical system that focuses
light from a subject and that forms a primary image of the
subject, a microlens array having a plurality of microlenses
that are two-dimensionally arranged at the position of the
primary image formed by the image-acquisition optical
system or at a position conjugate to the primary 1mage and
that focus light from the 1mage-acquisition optical system, a
pupil modulation element that 1s disposed at the position of
an exit pupil of the image-acquisition optical system, said
exit pupil being located on the subject side with respect to
the microlens array, or at a position conjugate to the exit
pupil and that applies modulation of a phase distribution
and/or a transmittance distribution to light to be made
incident on the plurality of microlenses via the i1mage-
acquisition optical system, a light receiving unit that has a
plurality of light receiving elements arranged i1n units of
regions corresponding to the plurality of microlenses, that
receives the light focused by the plurality of microlenses,
and that performs photoelectric conversion of the light, and
an 1mage acquisition device having an adjusting unit that
switches between a first arrangement state i which the
plurality of light recerving elements are arranged at back
focal positions of the microlenses or at positions conjugate
to the back focal positions and a second arrangement state in
which the plurality of light recerving elements are arranged
in the vicinities of principal point positions of the microl-
enses or at positions conjugate to the principal point posi-
tions; a memory unit that stores a first point image intensity
distribution i1ndicating a point image intensity distribution
for each position on the subject at the light receiving unit 1n
the first arrangement state and a second point 1mage inten-
sity distribution indicating a point image intensity distribu-
tion of the subject at the light recerving unit 1n the second
arrangement state; and an arithmetic operation unit that
generates a first processed 1mage by using the first point
image 1ntensity distribution stored in the memory unit and
first image information obtained by photoelectric conversion
by the light recerving unit 1n the first arrangement state and
that generates a second processed image by using the second
point image intensity distribution stored in the memory unit
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and second image information obtained by photoelectric
conversion by the light recerving unit 1n the second arrange-
ment state.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic configuration diagram of an image
acquisition device according to a first embodiment of the
present mvention.

FIG. 2 1s a flowchart for illustrating the process of
acquiring i1mages of a subject by means of the image
acquisition device i FIG. 1.

FI1G. 3 1s a flowchart for illustrating first image processing
in step SA4 of the tlowchart 1n FIG. 2.

FIG. 4 1s a flowchart for illustrating second 1mage pro-
cessing 1n step SAS of the tlowchart 1n FIG. 2.

FIG. § 1s a diagram for 1llustrating the relationship among,
the presence/absence of a phase filter, a first point 1image
intensity distribution, and a second point 1mage intensity
distribution.

FIG. 6 1s a graph for illustrating analysis using Fisher
information.

FIG. 7 1s a schematic configuration diagram of an image
acquisition device according to a second embodiment of the
present mvention.

FIG. 8 1s a diagram depicting one example of refraction
of light at microlenses and refraction of light at the projec-
tion plane of the microlenses projected by a relay optical
system 1n FIG. 7.

FIG. 9 1s a diagram depicting one example of an image
acquired 1n a first arrangement state.

FIG. 10 1s a diagram depicting one example of an image
acquired 1n a second arrangement state.

FIG. 11 1s a diagram depicting examples of an 1mage in
the case where a plurality of light receiving elements and
principal point positions of the microlenses have a conjugate
positional relationship and images 1n the case where the
plurality of light receiving elements are slightly shifted from
the principal point positions of the microlenses 1n a direction
along an optical axis.

FIG. 12 1s a schematic configuration diagram of an image
acquisition device according to a modification of the second
embodiment of the present invention.

FIG. 13 1s a schematic configuration diagram of an image
acquisition device according to a third embodiment of the
present mvention.

FI1G. 14 1s a schematic configuration diagram of an image
acquisition device according to a modification of the third
embodiment of the present invention.

FIG. 15 1s a diagram depicting one example of the
configuration of an 1image-acquisition optical system 1n the
case where the 1image acquisition device according to each
of the embodiments of the present invention 1s incorporated
1N a miCroscope.

FIG. 16 1s a diagram depicting another example of the
configuration of the image-acquisition optical system in the
case where the 1image acquisition device according to each
of the embodiments of the present mnvention 1s incorporated

1N a miCroscope.

FI1G. 17 1s a schematic configuration diagram of an image
acquisition system according to a fourth embodiment of the
present mvention.

DESCRIPTION OF EMBODIMENTS

First Embodiment

An 1mage acquisition device according to a first embodi-
ment of the present invention will now be described with
reference to the drawings.
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As shown in FIG. 1, an immage acquisition device 1
according to this embodiment includes: an 1mage-acquisi-
tion optical system 3 for forming a primary image of a
subject S by focusing light from the subject S (object point);
a microlens array 3 having a plurality of microlenses 3a that
focus the light from the image-acquisition optical system 3;
a phase filter (pupil modulation element) 7 for performing
modulation of a phase distribution of the light that 1s to be
made 1ncident on the plurality of microlenses 5a via the
image-acquisition optical system 3; a light recerving unit 9
provided with a plurality of light receiving elements 9a that
receive the light focused by the plurality of microlenses 3a
and that perform photoelectric conversion of the light; an
adjusting unit 11 for switching the positional relationship
between the plurality of light receiving elements 9a and the
microlens array 5; a memory unit 13 for storing point image
intensity distributions at the light recerving unit 9; and an
arithmetic operation unit 15 for generating images.

As shown 1n FIG. 1, the microlens array 5 1s composed of
the plurality of microlenses 3a each having high convexity
(positive power) on one surface on the opposite side from
the subject S side. The plurality of microlenses 3a are
arranged at the position of the primary 1image formed by the
image-acquisition optical system 3 and are two-dimension-
ally arranged in directions intersecting the optical axis of the
image-acquisition optical system 3.

The plurality of microlenses 5a are arranged at sufli-
ciently large pitches, compared with the pitches of the light
receiving elements 9q (e.g., pitches ten times the pitches of
the light receiving elements 9a or more). Heremafter, direc-
tions that are orthogonal to the optical axis of the image-
acquisition optical system 3 and that are orthogonal to each
other are referred to as the X direction and the Y direction,
and a direction along the optical axis of the image-acquisi-
tion optical system 3 i1s referred to as the Z direction.

The phase filter 7 1s formed of a glass material. In this
phase filter 7, the glass matenal 1s coated with a polymer
whose amount has been adjusted so as to produce a phase
delay amount according to, for example, a cubic function 1n
cach of the X direction and the Y direction at the pupil of the
image-acquisition optical system 3. By doing so, the phase
filter 7 imparts a cubic-function phase distribution to the
light having passed through the i1mage-acquisition optical
system 3 and extends the depth of field 1n, for example,
normal observation.

The phase filter 7 can be furnished with a polymer shape
exhibiting a desired phase distribution by producing, for
example, a mold of the shape reverse to the shape of the
phase distribution to be applied and by forming (transier-
ring) the shape. In another producing method, a shape
having a desired phase distribution may be achieved by
directly processing the glass material, including achieving a
shape by machining the glass material, forming a rough
shape by cutting the glass material and then finishing the
shape by polishing, and achieving a shape by grinding the
surface of the glass material through, for example, laser
processing. A polymer shape having a desired phase distri-
bution may be achieved by layering matenials with a 3D
printer. Alternatively, a shape having a desired phase distri-
bution may be achieved by imparting a phase difference by
means of a transmissive device, such as a transmissive liquid
crystal device, or imparting a phase diflerence by means of
a retlective device, such as an LCOS (Liquid Crystal On
Silicon, trademark) device.

The light recetving unit 9 1s disposed so as to be movable
in a direction along the optical axis of the image-acquisition
optical system 3. The plurality of light receiving elements 9a
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are two-dimensionally arranged in directions intersecting
the optical axis of the image-acquisition optical system 3,
and a plurality of light receiving elements 9a are arranged
for each region corresponding to a plurality of microlenses
5a of the microlens array 5. The plurality of light receiving
clements 9a perform photoelectric conversion ol detected
light and output light intensity signals, serving as image
information (first 1mage information and second image
information) about the subject S.

The adjusting umit 11 includes: a drive unit 17, such as a
stepper motor or a piezo actuator, for moving the light
receiving unit 9 1n a direction along the optical axis of the
image-acquisition optical system 3; and a control unit 19 for
controlling etc. the drive unit 17.

For example, the control unit 19 includes: a CPU (Central
Processing Unit); a main storage unit, such as a ROM (Read
Only Memory) and a RAM (Random Access Memory); an
auxiliary storage umt, such as an HDD (Hard Disk Drive);
an mput unit used by a user to 1input an 1nstruction; an output
unit for outputting data; an external interface for exchanging
various types ol data with external devices (none i1s shown
in the figure), and so on. The auxiliary storage unit stores
various types of programs, and various types of processing,
1s performed as a result of the CPU reading programs from
the auxiliary storage unit into the main storage unit, such as
the RAM, and then executing the programs.

More specifically, the control unit 19 drives the drive unit
17 and switches between a first arrangement state, 1n which
the light receiving unit 9 1s disposed at the back focal
positions of the microlenses 5a, and a second arrangement
state, 1n which the light recerving unit 9 1s disposed in the
vicinities of the principal point positions of the microlenses
5a. In the first arrangement state, a light-field 1mage can be
acquired as a result of the plurality of light receiving
clements 9a being arranged at the back focal positions of the
microlenses 3a. In the second arrangement state, a normal
two-dimensional 1mage can be acquired as a result of the
plurality of light receiving elements 9a being arranged in the
vicinities of the principal point positions of the microlenses
da.

When the first arrangement state 1s selected, the control
unit 19 inputs, to the arithmetic operation unit 15, informa-
tion indicating that the first arrangement state 1s selected,
and when the second arrangement state 1s selected, the
control unit 19 nputs, to the anthmetic operation unit 15,
information indicating that the second arrangement state 1s
selected. The control unit 19 sends, to the arithmetic opera-
tion unit 15, the light intensity signals output from the
plurality of light recerving elements 9a of the light receiving,
unit 9.

The memory unit 13 stores a first point 1mage intensity
distribution, which indicates a point 1image intensity distri-
bution for each position on the subject at the light receiving,
unit 9 1n the first arrangement state, and a second point
image intensity distribution, which indicates a point image
intensity distribution of the subject S at the light receiving
unit 9 1n the second arrangement state. The first point image
intensity distribution includes intensity distributions that
differ for each position on the subject, whereas the second
point 1mage intensity distribution i1s one distribution that
does not depend on the position on the subject.

In the case where information indicating that the first
arrangement state 1s selected 1s input from the control unit 19
to the arithmetic operation unit 15, the arithmetic operation
unit 15 uses the first point image intensity distribution stored
in the memory unit 13 and applies predetermined first image
processing for generating a light-field processed image (e.g.,
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a 2D slice image or a 3D multislice 1image) to the light
intensity signals sent from the control unit 19, thus gener-
ating a final 1image (first processed 1mage).

In the case where information indicating that the second
arrangement state 1s selected 1s input from the control unit 19
to the arithmetic operation unit 15, the arithmetic operation
unit 15 does not perform the predetermined image process-
ing for generating a light-field processed image but uses the
second point image intensity distribution stored 1n the
memory unit 13 and applies second 1mage processing for
generating a normal two-dimensional 1mage to the light
intensity signals sent from the control unit 19, thus gener-

ating a final 1image (second processed image).

The operation of the image acquisition device 1 with the
above-described structure will be described with reference
to the flowchart 1n FIG. 2.

When an 1mage of the subject S 1s to be acquired with the
image acquisition device 1 according to this embodiment,
first the first arrangement state or the second arrangement
state 1s selected by causing the control unit 19 to drive the
drive unit 17 so as to adjust the position of the light receiving
unit 9 m a direction along the optical axis of the image-
acquisition optical system 3 (step SA1l). When the first
arrangement state 1s selected, information indicating that the
first arrangement state 1s selected 1s iput from the control
unit 19 to the arithmetic operation unit 15. When the second
arrangement state 1s selected, information indicating that the
second arrangement state 1s selected 1s mput from the
control unit 19 to the arithmetic operation unit 15.

Light from the subject S 1s focused by the image-acqui-
sition optical system 3, 1s incident on the microlens array 5
via the phase filter 7, and 1s focused by the plurality of
microlenses 5a of the microlens array 5. Thereafter, light
having passed through each of the microlenses 5a 1s
received by a plurality of light receiving elements 9a of the
light recerving unit 9 and 1s then subjected to photoelectric
conversion. The light intensity signal produced as a result of
the light being subjected to photoelectric conversion by each
of the light receiving elements 9a 1s sent to the arithmetic
operation unit 15.

In the arithmetic operation unit 15, an intensity distribu-
tion I at the light receiving umt 9 1s acquired on the basis
of the light intensity signals sent from the light receiving unit
9 (step SA2).

Then, 1n the case where information indicating that the
first arrangement state 1s selected 1s input from the control
umt 19 (“YES” 1n step SA3), the anithmetic operation unit
15 applies, to the acquired intensity distribution I, the
predetermined {irst 1mage processing for generating a light-
field processed 1image (step SA4).

The first image processing 1n step SA4 will be described
with reference to the tlowchart in FIG. 3.

First of all, the arithmetic operation unit 15 reads, from
the memory unit 13, the first point 1image intensity distribu-
tion, which indicates a point 1mage intensity distribution for
cach position on the subject at the light receiving unit 9 1n
the first arrangement state (step SB1). Here, a process for
individually setting regions of the subject S to be analyzed
may be provided.

Next, the arithmetic operation unit 15 specifies a subject
luminance distribution as an 1nitial value (step SB2). Then,
the arithmetic operation umit 15 calculates an intensity
distribution 1" of the light receiving unit 9 on the basis of
the first point image intensity distribution that has been read
out 1n step SB1 and the subject luminance distribution that
has been specified 1n step SB2 (step SB3).
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Next, the arithmetic operation umt 15 compares the
intensity distribution 1 acquired in step SA2 of the flow-
chart in FIG. 2 with the intensity distribution 1" calculated
in step SB3 of the tlowchart in FIG. 3 (step SB4).

In the case where the absolute value of the amount of an
error (diflerence) between the intensity distribution I and
the intensity distribution 1" is smaller than a constant value
(0), the intensity distribution I“”. is output after being
imaged as information about the three-dimensional distri-
bution of the subject S (step SBS). Imaging 1s not necessarily
required, and a signal indicating information about the
three-dimensional distribution of the subject S may be
output.

On the other hand, in the case where the absolute value of
the amount of an error (difference) between the intensity
distribution I and the intensity distribution 1V is equal to
or larger than the constant value (o), the arithmetic operation
unit 15 corrects the subject luminance distribution specified
as the mnitial value (step SB6), and the flow returns to step
SB3, where the intensity distribution 1% . of the light receiv-
ing unit 9 1s calculated again. Then, the processes from step
SB3 to step SB6 are repeated until the absolute value of the
amount of an error (difference) between the intensity distri-
bution I, and the intensity distribution 1" becomes smaller
than the constant value (0).

Returning to the flowchart in FIG. 2, 1n the case where
information indicating that the second arrangement state 1s
selected 1s mput from the control unmit 19 in step SA3, the
arithmetic operation unit 15 applies, to the acquired intensity
distribution I, the second 1mage processing for generating
a normal two-dimensional 1image (step SAS).

The second image processing 1 step SAS will be
described with reference to the flowchart in FIG. 4.

First of all, the arithmetic operation unit 15 reads the
second point image intensity distribution, which indicates a
point 1image intensity distribution of the subject S at the light
receiving unit 9 i the second arrangement state (step SC1).
Here, the subject S may be divided into a plurality of regions
according to the image height so that point image intensity
distributions that differ for each of the regions are available.

Next, the arithmetic operation unmit 15 performs a 2D
deconvolution arithmetic operation. The 2D deconvolution
arithmetic operation 1s performed on the basis of, for
example, expression (1) below.

FFT-Y{FFT(,)/FFT(PSF)} (1)

More specifically, the intensity distribution I acquired 1n
step SA2 of the tlowchart 1n FIG. 2 1s subjected to a Fourier
transform (FF'T, Fast Fourier Transform), thereby calculat-
ing a spatial frequency distribution of the intensity distri-
bution I . The second point image intensity distribution
(PSE, Point Spread Function) that has been read out 1n step
SC1 of the flowchart in FIG. 3 1s subjected to a Fourier
transform (FFT), thereby calculating a spatial frequency
distribution (MTF: Modulation Transfer Function, spatial
frequency characteristics) of the second point image inten-
sity distribution. Then, the calculated spatial frequency
distribution of the intensity distribution I 1s divided by the
spatial frequency distribution of the second point image
intensity distribution, and the result 1s then subjected to an
inverse Fourier transform (FFT™'). By doing so, a normal
two-dimensional 1mage of the subject S 1s generated and
output (step SC3).

As described above, according to the image acquisition
device 1 of this embodiment, when the adjusting unit 11
selects the first arrangement state, and the light receiving
unit 9 recerves, via the microlens array 3, light that has come
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from the subject S and whose phase distribution has been
modulated by the phase filter 7, a high-definition light-field
image can be acquired. On the other hand, when the adjust-
ing unit 11 selects the second arrangement state, and the
light receiving unit 9 receives, via the microlens array 5,
light that has come from the subject S and whose phase
distribution has been modulated by the phase filter 7, a
normal two-dimensional image with an extended depth of
field can be acquired. Therefore, 1t 1s possible to acquire a
plurality of images that produce mutually different eflects
for the user with a simple configuration for merely switching
between the first arrangement state and the second arrange-
ment state by using the adjusting unit 11.

Here, the relationship between the presence/absence of
the phase filter 7 and the second point image intensity
distribution will be described with reference to FIG. 5. FIG.
5 shows examples of the point image intensity distributions
depending on the presence/absence of the phase filter 7 and
the position on the subject S, in the case of the first
arrangement state and 1n the case of the second arrangement
state. The three circles in each of the point image intensity
distributions show one example of the spaces of some
microlenses Sa.

In the case where the phase filter 7 1s absent, the dot-like
intensity distribution, at the light receiving unit 9, of the light
from the subject S 1n the second arrangement state shows a
general PSFE (point spread function). On the other hand, 1n
the case where the phase filter 7 1s present, the second point
image intensity distribution takes an asymmetrically wid-
ened shape due to an asymmetric phase distribution on the
pupil plane of the image-acquisition optical system 3.

Also, when the position on the subject S changes 1n the X
direction and Y direction, the second point image intensity
distribution shifts similarly, as shown 1 FIG. 5, by an
amount equal to the applied lateral magnification. Therefore,
basically, the shape of the second point image intensity
distribution does not change depending on the 1image height
(shift invanant), regardless of the presence/absence of the
phase filter 7, and the 1mage at the light receiving unit 9 1s
represented by a deconvolution between the luminance
distribution of the subject S and the point 1mage intensity
distribution. It 1s well known that 1f the position on the
subject S changes in the Z direction, the change 1n the shape,
within the XY plane, of the second point image intensity
distribution 1s small, compared with the case where the
phase filter 7 1s absent.

When a cubic-function phase distribution 1s imparted by
the phase filter 7 as 1n this embodiment, the spatial fre-
quency components are characterized by not having a 0
point at the cutofl frequency of the original point image
intensity distribution, though the spatial spread of the second
point 1mage intensity distribution becomes wide compared
with the case where the phase filter 7 1s absent.

Thus, high-frequency components can be corrected by
applying deconvolution processing with the reciprocal of the
MTF obtained from the second point 1mage intensity distri-
bution, as shown 1n expression (1), as long as the SN at the
light recerving unit 9 allows this. Because an image-height-
dependent change 1n the point image intensity distribution
occurs due to the influence of various types of aberration 1n
the same manner as 1n normal optical systems, the region
may be divided for each 1mage height so that deconvolution
processing can be applied by using different point image
intensity distributions.

Next, the relationship between the presence/absence of
the phase filter 7 and the first point 1mage intensity distri-
bution will be described with reference to FIG. 5.
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The use of an appropriate phase filter 7 allows the first
point 1image intensity distribution to take on diflerent point
image intensity distributions so as to cope with a minute
displacement of the subject, said displacement correspond-
ing to a shilt in one microlens array 5. For this reason, the
first point 1mage intensity distribution takes on different
point 1image intensity distributions according to the incident
position on the microlenses Sa and the conjugate position in
the direction along the optical axis (Z direction).

Theretfore, for the first point image intensity distribution,
different point image intensity distributions are prepared for
cach position on the subject, instead of using a single point
image ntensity distribution, such that the size of each of the
microlenses Sa 1s treated as a unit 1n the planar direction of
the microlens array 3 and such that the subject distance
range used for analysis 1s divided into an appropriate num-
ber of sub-ranges 1n the direction along the optical axis (Z
direction) of the microlens array 5.

A three-dimensional 1mage of the subject S can be
obtained by using this group of point image intensity dis-
tributions as the first point 1image intensity distribution and
by applying three-dimensional optimization processing (re-
peated arithmetic operations) to the acquired intensity dis-
tribution I_. In other words, the luminance distribution of
the subject S 1s estimated from the plurality of intensity
distributions received from the subject S on the basis of the
well-known information that light from diflerent points
produces different distributions.

A method such as the Richardson-Lucy algorithm,
machine learning, and deep learning may be employed,
instead of the 3D deconvolution method from step SB2 to
step SB5 of the flowchart 1n FIG. 3. Regularization process-
ing may be incorporated. In the conditional determination
unit in step SB4, the number of repetitions may be preset so
that the flow exits the loop when the number of processes
reaches a certain value.

Instead of the 2D deconvolution method in step SC2 of
the flowchart in FIG. 4, for example, a restoration filter may
be preliminarily produced by using the second point image
intensity distribution, and furthermore, a least squares filter
(Wiener filter) or other regularnization processing may be
incorporated 1n order to increase robustness against mea-
surement noise.

In some optical systems assuming deconvolution, such as
extension of the depth of field, Fisher information 1s used as
an analysis method. In general, Fisher information i1s a
quantity used 1n statistics or information theory, indicating
information about a random variable with respect to a
population parameter. It 1s known that the reciprocal of this
amount gives the lower limit of the variance of an invariant
estimator of the population parameter (Cramer-Rao inequal-
1ty).

Let us consider that Fisher information 1s applied to the
image acquisition device 1. When a point image intensity
distribution 1s standardized with the total amount of the
distribution (standardized point image intensity distribu-
tion), this standardized point image itensity distribution can
be regarded as a random variable (probability density func-
tion) indicating which of the plurality of light receiving
clements 9a the light coming from one point on the subject
S reaches. Because the X, Y, and Z coordinates of the subject
S are parameters for changing the shape of the probability
density function (point image intensity distribution), the X,
Y, and 7Z coordinates can be regarded as the population
parameters of this random variable. Therefore, Fisher infor-
mation, serving as a response ol the optical system, 1s an
amount suggesting with what degree of variance the subject

10

15

20

25

30

35

40

45

50

55

60

65

10

coordinates, serving as the population parameters, can be
reproduced, but more intwitively, 1s an amount including
differential values of the point image intensity distribution
with respect to the subject position coordinates, thus giving
the sensitivity of the optical system 1n response to a dis-
placement of the subject S.

FIG. 6 shows components, of Fisher information (Fisher
information matrix), at subject position coordinates 1n a
direction along the optical axis (vicinity of the in-focus
position). In the case where the phase filter 7 1s absent
(position O on the horizontal axis 1n FIG. 6), the value of
Fisher information 1n the second arrangement state largely
exceeds the value of Fisher information in the first arrange-
ment state. As the coeflicient of the phase amount of the
phase filter 7 1s increased, the Z sensitivity in the first
arrangement state increases (higher-definition reconstructed

three-dimensional 1mage), and the Z sensitivity in the sec-
ond arrangement state decreases (eflect of extending the
depth of field). When the coeflicient of the phase amount of
the phase filter 7 1s equal to or larger than a certain amount,
the values are reversed.

In a region in which the coetlicient of the phase amount
of the phase filter 7 1s equal to or larger than the certain
amount, 1.¢., 1n the region on the drawing to the right of the
position indicated by the chain line between 100 and 200 on
the hornizontal axis 1n FIG. 6, both a high-definition three-
dimensional 1mage in the first arrangement state and an
EDOF (Extended Depth of Field) image having a depth of
field equal to or larger than the Z resolution of this three-
dimensional 1mage can be acquired with a single device. In
other words, conditional expression (3) below 1s satisfied 1n
this case.

AZ,/AZ,<1 (3)

Here, AZ, 1s the subject depth resolution of the light-field
processed 1mage acquired 1n the first arrangement state, and
AZ. 1s the depth of field of the normal two-dimensional
image acquired 1n the second arrangement state. Note that
A7, and AZ., may be obtained by actually measuring a
subject that 1s smaller than the resolution of the optical
system.

Second Embodiment

Next, an 1image acquisition device according to a second
embodiment of the present imnvention will now be described
with reference to the drawings.

As shown i FIG. 7, an image acquisition device 21
according to this embodiment differs from the first embodi-
ment 1n that the image acquisition device 21 includes a relay
optical system 23 that forms a secondary image by re-
forming the primary image by relaying, to the light receiving
unmt 9, the light focused by the plurality of microlenses Sa.

In the description of this embodiment, the same compo-
nents as those 1n the 1image acquisition device 1 according to
the above-described first embodiment are denoted by the
same reference signs, and descriptions thereof will be omit-
ted.

As shown 1n FIG. 7, in this embodiment, the microlens
array 5 1s disposed such that the plurality of microlenses 5a
having high convexity (positive power) are oriented towards
the subject S side.

The relay optical system 23 1s composed of a plurality of
(two 1n this embodiment) lenses 24 A and 24B. The relay
optical system 23 is telecentric at least on the secondary
image side in the first arrangement state.
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In this embodiment, the control unit 19 drives the drive
unit 17 and switches between the first arrangement state, in
which the plurality of light receiving elements 9a of the light
receiving unit 9 are arranged at the positions conjugate to the
back focal positions of the microlenses 5a, and the second
arrangement state, 1n which the plurality of light receiving
clements 9a of the light receiving unit 9 are arranged at the
positions conjugate to the principal point positions of the
microlenses Sa.

In the first arrangement state, a light-field 1mage 1s
acquired as a result of the plurality of light receiving
clements 9a being arranged at the positions conjugate to the
back focal positions of the microlenses Sa. In this case,
because information indicating that the first arrangement
state 1s selected 1s mput from the control unit 19 to the
arithmetic operation unit 15, the arithmetic operation unit 15
uses the first point image intensity distribution stored 1n the
memory unit 13 and applies first 1mage processing to the
light intensity signals sent from the control unit 19, thus
generating a light-field processed 1mage.

On the other hand, 1n the second arrangement state, a
normal two-dimensional 1mage 1s acquired as a result of the
plurality of light receiving elements 9a being arranged at the
positions conjugate to the principal point positions of the
microlenses 3a. In this case, because information indicating,
that the second arrangement state 1s selected 1s mput from
the control unit 19 to the arithmetic operation unit 15, the
arithmetic operation unit 15 uses the second point 1image
intensity distribution stored in the memory unit 13 and
applies second 1mage processing to the light intensity signals
sent from the control unit 19, thus generating a normal
two-dimensional 1mage.

As described above, according to the image acquisition
device 21 of this embodiment, by causing the relay optical
system 23 to relay the light having passed through each of
the microlenses 5a, each of the light receiving elements 94
and the back focal position of each of the microlenses 5a can
be arranged at conjugate positions in the first arrangement
state, and each of the light receiving elements 9¢ and the
principal point position of each of the microlenses 5a can be
arranged at conjugate positions in the second arrangement
state. This allows the first arrangement state and the second
arrangement state to be easily selected without causing the
optical systems to interfere with each other. Therelore,
similarly to the image acquisition device 1 according to the
first embodiment, both a light-field image and a normal
two-dimensional 1image can be acquired merely by causing
the adjusting unit 11 to switch between the first arrangement
state and the second arrangement state.

Here, as shown 1n FIG. 8, a light beam (wavelront) that
1s actually incident on the microlens array 5 1s subjected to
refraction at the front/back surfaces of each of the microl-
enses 5a. On the other hand, although the behavior of a light
beam projected by the relay optical system 23 1s similar to
the behavior 1n the vicinity of a microlens Sa, no refraction
actually occurs at a projection plane S4', of the microlens 3a,
projected by the relay optical system 23.

For this reason, equivalent wavefronts are achieved 1n the
first arrangement state, but equivalent wavelronts are not
achieved 1n the second arrangement state, hence forming an
image reflecting spherical aberration that has occurred at, for
example, the back surface of the microlens 5a and that
remains in the relay space. In FIG. 8, reference sign L
denotes principal rays, reference sign M denotes a light
beam emitted from one point of the pupil of the image-
acquisition optical system 3, and reference sign 3' denotes
microlenses projected by the relay optical system 23.
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Thus, 1n this embodiment, it 1s preferable that the plurality
of microlenses 5a have a surface shape that satisfies expres-
sion (2) below.

PVA<{MI(NA,,)}? (2)

Here, PV 1s the distance along the optical axis from the
position closest to the subject S to the position furthest from
the subject S, said positions being on the power surface of
a microlens 5a, M 1s the lateral magnification of the 1mage-
acquisition optical system 3, NA_, i1s the subject S side
numerical aperture of the image-acquisition optical system
3, and A 1s the wavelength of light that comes from the
subject S and that 1s incident on the image-acquisition
optical system 3.

As a result of the surface shapes of the plurality of
microlenses Sa satisiying expression (2), the refraction at the
power surface of the microlens array 3 1s also imparted in a
planar manner 1n the second arrangement state. By doing so,
in the second arrangement state, the wavelronts on the
power surface 1in the projection space can more appropri-
ately reflect the actual wavetronts on the surface of the
microlenses Sa, thereby allowing the acquisition of a high-
definition two-dimensional image.

As a result of the microlens array 3 being arranged such
that the high-convexity surfaces of the plurality of microl-
enses Sa are oriented towards the subject S side, a higher-
definition light-field image can be acquired i1n the first
arrangement state. In particular, this 1s preferable 1n terms of
aberration.

Here, 1n the case of image acquisition 1n the first arrange-
ment state, the light receiving umit 9 has a positional
relationship conjugate to the (exit) pupil with respect to the
subject S located at the object position conjugate to the
microlens array 3 (in-focus position in a normal optical
system). Therefore, both the subject S conjugate to an end
section of one microlens 5a and the subject S conjugate to
the center section of the microlens 5a produce substantially
similar intensity distributions. For this reason, as shown 1n
FIG. 9, the sampling in the subject space 1s determined by
the space between microlenses 5a of the microlens array 5,
making 1t 1s impossible to directly observe a structure equal
to or smaller 1n size than a microlens Sa.

On the other hand, 1n the second arrangement state, a
structure equal to or smaller 1n si1ze than a microlens 5a can
be directly observed as a result of the light receiving unit 9
being disposed at a position at which the power of the
microlens array 3 1s substantially cancelled out, as shown in
FIG. 10.

For image acquisition in the second arrangement state, an
image may be acquired by slightly moving the light receiv-
ing unit 9 back and forth from the principal point positions
of the microlenses 5a 1n the direction (Z direction) along the
optical axis, as shown 1n FIG. 11. By doing so, the contrast
of the boundary between neighboring microlenses 5a can be
inverted. Therefore, it 1s possible to generate an 1image closer
to an 1mage 1n a normal 1mage acquisition state by image
processing for subtracting the influence of the boundary
between neighboring microlenses 3a.

As shown 1n FIG. 11, 1n the case where the plurality of
light receiving elements 9a and the principal point positions
of the microlenses 5a are arranged so as to be conjugate to
cach other (second arrangement state), 1t i1s possible to
coniirm that the mfluence of the boundary between neigh-
boring microlenses 5a can also be negligible 1n a single
image acquisition. Moreover, even in the case where the
image-acquisition optical system 3 and the relay optical
system 23 sufler field curvature etc., an i1mage having
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excellent quality over the entire area can be acquired by
slightly moving the light receiving unit 9 back and forth

from the principal point positions of the microlenses 3a 1n a
direction along the optical axis.

In this embodiment, switching between the first arrange-
ment state and the second arrangement state 1s performed by
causing the drive unit 17 to move the light receiving unit 9.
Instead of this, as shown 1n, for example, FIG. 12, the relay
optical system 23 may include, besides the lenses 24A and
24B, a focus lens group (lenses) 24C movable 1n a direction
along the optical axis of the relay optical system 23, so that
switching between the first arrangement state and the second
arrangement state 1s performed by causing the drive unit 17
to move the focus lens group 24C 1n a direction (Z direction)
along the optical axis of the relay optical system 23.

In this case, it 1s possible to acquire a light-field 1mage by
causing the drive unit 17 to move the position of the focus
lens group 24C so as to achieve the first arrangement state,
in which the plurality of light receiving elements 9a and the
back focal positions of the microlenses 5a have a conjugate
positional relationship. It 1s possible to acquire a normal
two-dimensional 1mage by causing the drive unit 17 to move
the position of the focus lens group 24C so as to achieve the
second arrangement state, 1n which the plurality of light
receiving elements 9a and the principal point positions of
the microlenses 5a have a conjugate positional relationship.

Therefore, both a light-field 1mage and a normal two-
dimensional 1mage can be acquired by switching between
the first arrangement state and the second arrangement state
without moving the light recerving unit 9 1n a direction along,
the optical axis of the relay optical system 23.

Third Embodiment

As shown 1n FIG. 13, an image acquisition device 31
according to a third embodiment of the present mmvention
differs from the first embodiment in that the 1image acqui-
sition device 31 includes, instead of the adjusting unit 11, an
adjusting unit 35 provided with an optical element (optical
path splitting unit) 33 for splitting the optical path of the
light that has come from the subject S and that has passed
through the phase filter 7 and 1n that the 1mage acquisition
device 31 includes, instead of the light receiving unit 9, a
first light recetving unit 37 having a plurality of first light
receiving elements 37a arranged at the back focal positions
of the microlenses 5a and a second light receiving umt 39
having a plurality of second light receiving elements 394
arranged at the position of another primary image formed 1n
another optical path split ofl by the optical element 33.

In the description of this embodiment, the same compo-
nents as those in the 1mage acquisition device 1 according to
the above-described first embodiment are denoted by the
same reference signs, and descriptions thereot will be omit-
ted.

In this 1mage acquisition device 31, the exit pupil of the
image-acquisition optical system 3 1s located on the subject
S side with respect to the optical element 33, and the phase
filter 7 1s disposed at the position of the exit pupil.

In this embodiment, the plurality of microlenses 5a of the
microlens array 5 are arranged at the position of the primary
image formed in one optical path split ofl by the optical
clement 33. As shown in FIG. 13, the microlens array 5 1s
disposed such that the plurality of microlenses 5a having
high convexity (positive power) are oriented towards the
subject S side.

According to the ratio of transmittance and reflectance,
the optical element 33 transmits a portion of the light from
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the phase filter 7 towards the microlens array 5 and the first
light recerving unit 37 on one hand and reflects the rest of the
light from the phase filter 7 towards the second light
receiving unit 39 on the other hand. For this optical element
33, for example, a beam splitter (half mirror) having the
same proportion of transmittance and reflectance, a beam
splitter having different proportions of transmittance and
reflectance, or a dichroic mirror 1s used.

Of the light having passed through the phase filter 7, the
light 1n the one optical path having passed through the
optical element 33 is received by the plurality of first light
receiving elements 37a of the first light recetving unit 37
arranged at the back focal positions of the microlenses 3a.
On the other hand, of the light having passed through the
phase filter 7, the light in the other optical path reflected by
the optical element 33 1s received by the plurality of second
light recerving elements 39a of the second light receiving
unmit 39 arranged at the position of the other primary image
formed in the other optical path, 1.e., at the positions
corresponding to the vicinities of the principal point posi-
tions of the microlenses 5a. Therefore, the adjusting unit 335
can switch between the first arrangement state and the
second arrangement state by splitting the optical path of the
light from the phase filter 7 by means of the optical element
33.

In this embodiment, the light intensity signals output from
the first light recerving unit 37 and the light intensity signals
output from the second light receiving unit 39 are nput to
the arithmetic operation unit 15. The anithmetic operation
unit 15 generates a light-field processed 1image by applying
first 1mage processing to the light intensity signals input
from the first light receiving unit 37 by using the first point
image intensity distribution stored in the memory unit 13.
The arithmetic operation unit 15 generates a normal two-
dimensional 1image by applying second image processing to
the light mntensity signals input from the second light receiv-
ing unit 39 by using the second point image intensity
distribution stored in the memory unit 13.

In the mmage acquisition device 31 with the above-
described structure, a portion of the light having passed
through the phase filter 7 1s incident on the microlens array
5 via the optical element 33, and the light having passed
through each of the microlenses 5a 1s received by the
plurality of first light receiving elements 37a of the first light
receiving unit 37. Therefore, a high-definmition light-field
processed 1mage can be acquired by the arithmetic operation
unit 15 on the basis of the light intensity signals output from
the first light receiving unit 37 and the first point image
intensity distribution stored in the memory unit 13.

On the other hand, the rest of the light having passed
through the phase filter 7 is retlected by the optical element
33 and 1s recerved by the plurality of second light receiving
clements 39a of the second light recerving unit 39, without
passing through the microlenses Sa. Therefore, a normal
two-dimensional image with an extended depth of field can
be acquired by the arithmetic operation unit 15 on the basis
of the light intensity signals output from the second light
receiving unit 39 and the second point 1mage intensity
distribution stored in the memory unit 13.

Therefore, according to the 1image acquisition device 31
of this embodiment, both a light-field image and a normal
two-dimensional 1mage can be acquired without moving an
optical system by means of the adjusting umt 35. Image
acquisition 1n the first arrangement state and the second
arrangement state can be performed at the same time.

As shown 1n, for example, FI1G. 14, this embodiment may
employ, instead of the adjusting unit 33, an adjusting unit 45
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provided with an optical element (optical path splitting unit)
41, such as a reflection mirror, for retlecting light and a drive
unit 43 for switching between insertion and removal of the
optical element 41 1nto and out of the optical path of the light
from the subject S. This embodiment may include a control
unit 47 for controlling the drive umt 43.

By means of the drive unit 43, the optical element 41 can
change the swiveling angle about a predetermined swiveling
axis 42 orthogonal to the optical axis of the 1image-acquisi-
tion optical system 3. When the drive unit 43 changes the
swiveling angle of the optical element 41 1n a direction along
the optical axis of the image-acquisition optical system 3,
the optical element 41 1s moved out of the optical path, and
all light from the phase filter 7 1s incident on the first light
receiving unit 37 via the microlens array 5. When the drive
unit 43 changes the swiveling angle of the optical element 41
so as to form 45° relative to the optical axis of the image-
acquisition optical system 3, the optical element 41 1s moved
into the optical path, so that all light from the phase filter 7
1s reflected by the optical element 41 and 1s mncident on the
second light recerving unit 39.

Light having passed through the phase filter 7 while the
optical element 41 1s disposed out of the optical path 1s
received by the plurality of first light receiving elements 374
of the first light receiving unit 37 arranged at the back focal
positions of the microlenses 5a, without being reflected by
the optical element 41. On the other hand, light having
passed through the phase filter 7 while the optical element 41
1s inserted 1n the optical path 1s retlected by the optical
clement 33 and 1s received by the plurality of second light
receiving elements 39q of the second light receiving unit 39
arranged at the position of another primary image formed 1n
the optical path, 1.e., at the positions corresponding to the
vicinities of the principal point positions of the microlenses
5a. Theretore, the adjusting unit 45 can switch between the
first arrangement state and the second arrangement state by
splitting, by means of the optical element 33, the optical path
of the light from the phase filter 7.

The control unit 47 has a configuration similar to that of
the control unit 19. This control unit 47 controls the drive
unit 43 to insert and remove the optical element 41 1nto and
out of the optical path of the light from the subject S. By
doing so, the control unit 47 controls the adjusting unit 45
to switch between the first arrangement state and the second
arrangement state.

When the first arrangement state 1s selected, the control
unit 47 inputs, to the arithmetic operation unit 15, informa-
tion 1ndicating that the first arrangement state 1s selected,
and when the second arrangement state 1s selected, the
control unit 47 inputs, to the anthmetic operation unit 15,
information indicating that the second arrangement state 1s
selected.

In this modification, the light intensity signals output from
the first light recerving unit 37 and the light intensity signals
output from the second light receiving unit 39 are input to
the anthmetic operation unit 13. In the case where informa-
tion 1indicating that the first arrangement state 1s selected 1s
input from the control unit 47, the anithmetic operation unit
15 generates a light-field processed image by applying first
image processing to the light intensity signals input from the
first light receiving umt 37 by using the first point image
intensity distribution stored 1n the memory unit 13. In the
case where information indicating that the second arrange-
ment state 1s selected 1s mput from the control unit 47, the
arithmetic operation unit 15 generates a normal two-dimen-
sional 1mage by applying second image processing to the
light intensity signals mput from the second light receiving
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unmit 39 by using the second point image intensity distribu-
tion stored 1n the memory unit 13.

According to this modification, it 1s possible to switch
between the first arrangement state and the second arrange-
ment state merely by causing the adjusting unit 45 to switch
between 1nsertion of the optical element 41 into the optical
path and removal of the optical element 41 out of the optical
path. By means of the control unit 47, it 1s possible to
automate the switching between the first arrangement state
and the second arrangement state and the switching between
acquisition of a light-field image and acquisition of a normal
two-dimensional 1image.

In this modification, the optical element 41 may be
configured to partially transmait light. This makes 1t possible
to acquire 1mages at the same time both in the first arrange-
ment state and in the second arrangement state and, 1n the
case where the signal itensity 1s very low, to increase the
signal intensity in the first arrangement state by moving the
optical element 41 out of the path. Such a configuration 1s
cllective 1n, for example, fluoroscopy.

In each of the above-described embodiments, the image-
acquisition optical system 3 may be composed of a plurality
of lenses or may be composed of an objective optical system
and an 1mage-forming optical system. An 1llumination opti-
cal system may be separately provided, and various types of
filters may be separately provided.

When each of the image acquisition devices 1, 21, and 31
according to the above-described embodiments 1s to be
incorporated 1nto a microscope, the embodiments may
include, as shown 1n, for example, FIG. 15: an 1llumination
optical system 31 for irradiating the subject S with light; an
objective lens 53, serving as the image-acquisition optical
system 3, for focusing the light from the subject S; and an
image-forming lens 35 for forming an image by focusing the
light having passed through the phase filter 7 and the
objective lens 53.

In the case where fluorescence that 1s generated in the
subject S as a result of the illumination optical system 51
irradiating the subject S with excitation light 1s to be
detected, each of the embodiments may include, as shown 1n
FIG. 15, a filter 57 that eliminates excitation light from the
light focused by the objective lens 53 and that transmuits
fluorescence. As shown 1 FIG. 16, a pupil relay optical
system 59 may be disposed between the objective lens 53
and the phase filter 7. The filter 57 may be of the absorption
type arranged 1n a face-to-face manner, as shown in FIG. 15,
or may be of the retlection type, such as a dichroic mirror.

Although each of the above-described embodiments has
been described by way of an example of a configuration in
which the phase filter 7 1s disposed at the position of the exit
pupil of the image-acquisition optical system 3, the phase
filter 7 may be disposed at a position conjugate to the exit
pupil of the image-acquisition optical system 3.

Fourth Embodiment

An 1mage acquisition system according to a fourth
embodiment of the present invention will now be described
with reference to the drawings.

As shown 1n FIG. 17, an image acquisition system 61
according to this embodiment includes: an 1mage acquisition
device 63 provided with the image-acquisition optical sys-
tem 3, the phase filter 7, the microlens array 35, the light
receiving unit 9, and the adjusting unit 11; and a processing
device 65 provided with the memory umt 13 and the
arithmetic operation unit 15.
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In the description of this embodiment, the same compo-
nents as those in the 1mage acquisition device 1 according to
the above-described first embodiment are denoted by the

same reference signs, and descriptions thereol will be omit-
ted.

With the image acquisition system 61 having the above-
described structure, in the case where information indicating
that the first arrangement state 1s selected 1s input from the
control unit 19 of the image acquisition device 63, the
arithmetic operation unit 15 of the processing device 63
applies first image processing to the light intensity signals
sent from the control unit 19 by using the first point 1mage
intensity distribution stored in the memory unit 13 of the
processing device 65, thus generating a light-field processed
1mage.

In the case where information indicating that the second
arrangement state 1s selected 1s input from the control unit 19
of the image acquisition device 63, the arithmetic operation
unit 15 of the processing device 65 applies second 1mage
processing to the light intensity signals sent from the control
unit 19 by using the second point image intensity distribu-
tion stored i the memory unit 13 of the processing device
65, thus generating a normal two-dimensional 1mage.

In this case, both a high-definition light-field image and a
normal two-dimensional 1mage with an extended depth of
field can be acquired 1n the processing device 65 merely by
causing the adjusting unit 11 of the 1image acquisition device
63 to switch between the first arrangement state and the
second arrangement state. Therefore, according to the image
acquisition system 61 of this embodiment, a plurality of
images that produce mutually different effects for the user
can be acquired with a simple configuration.

In this embodiment, the image acquisition device 63 may
be modified as 1n the 1image acquisition devices 21 and 31.
More specifically, the image acquisition device 63 may be
provided with the relay optical system 23 as in the image
acquisition device 21. In this case, the control unit 19 may
drive the drive umit 17 and switch between the first arrange-
ment state, 1n which the plurality of light receiving elements
9a of the light recerving unit 9 are arranged at the positions
conjugate to the back focal positions of the microlenses 5a,
and the second arrangement state, in which the plurality of
light receiving elements 9a of the light receiving unit 9 are
arranged at the positions conjugate to the principal point
positions of the microlenses 3a.

The 1mage acquisition device 63, as 1n the 1mage acqui-
sition device 31, may be provided with the adjusting unit 35,
instead of the adjusting unit 11. In this case, instead of the
light receiving unit 9, the 1mage acquisition device 63 1is
provided with the first light receiving unit 37 having the
plurality of first light receiving elements 37a arranged at the
back focal positions of the microlenses 5a, as well as the
second light recerving unit 39 having the plurality of second
light receiving elements 39a arranged at the position of the
other primary 1image formed 1n the other optical path split off
by the optical element 33. The image acquisition device 63
may be provided with the adjusting unit 45 and the control
unit 47, instead of the adjusting unit 35.

Although the embodiments of the present invention have
been described in detail with reference to the drawings, the
specific structure 1s not limited to those of these embodi-
ments but includes design changes etc. that do not depart
from the spirit of the present mnvention. The present inven-
tion 1s not limited to the invention applied to each of the
above-described embodiments and modifications but can be
applied to, for example, embodiments 1 which these

10

15

20

25

30

35

40

45

50

55

60

65

18

embodiments and modifications are appropriately combined
and 1s not particularly limited.

Although each of the above-described embodiments and
modifications thereol has been described by way of an
example of the phase filter 7, as the pupil modulation
clement, for applying modulation of the phase distribution to
the light that 1s to be made incident on the plurality of
microlenses 5a via the image-acquisition optical system 3,
instead of this, the embodiments and modifications thereof
may employ a phase filter for applying modulation of a
transmittance distribution to the light that 1s to be made
incident on the plurality of microlenses 5a via the 1mage-
acquisition optical system 3 or employ a phase filter for
applying modulation of the phase distribution and transmiut-
tance distribution.

As a result, the following aspect 1s read from the above
described embodiment of the present invention.

A first aspect of the present invention 1s an 1mage acqui-
sition device including: an 1image-acquisition optical system
that focuses light from a subject and that forms a primary
image of the subject; a microlens array having a plurality of
microlenses that are two-dimensionally arranged at the
position of the primary image formed by the image-acqui-
sition optical system or at a position conjugate to the primary
image and that focus light from the 1mage-acquisition opti-
cal system; a pupil modulation element that 1s disposed at
the position of an exit pupil of the image-acquisition optical
system, said exit pupil being located on the subject side with
respect to the microlens array, or at a position conjugate to
the exit pupil and that applies modulation of a phase
distribution and/or a transmittance distribution to light to be
made mcident on the plurality of microlenses via the image-
acquisition optical system; a light receiving unit that has a
plurality of light receiving elements arranged in units of
regions corresponding to the plurality of microlenses, that
receives the light focused by the plurality of microlenses,
and that performs photoelectric conversion of the light; an
adjusting unit that switches between a first arrangement state
in which the plurality of light receiving elements are
arranged at back focal positions of the microlenses or at
positions conjugate to the back focal positions and a second
arrangement state in which the plurality of light receiving
clements are arranged i1n the vicinities of principal point
positions of the microlenses or at positions conjugate to the
principal point positions; a memory unit that stores a first
point 1mage intensity distribution indicating a point image
intensity distribution for each position on the subject at the
light receiving unit in the first arrangement state and a
second point image intensity distribution indicating a point
image intensity distribution of the subject at the light receiv-
ing unit 1n the second arrangement state; and an arithmetic
operation unit that generates a first processed 1image by using
the first point image intensity distribution stored in the
memory unit and first image information obtained by pho-
toelectric conversion by the light receiving unit 1n the first
arrangement state and that generates a second processed
image by using the second point image intensity distribution
stored 1n the memory unit and second image 1nformation
obtained by photoelectric conversion by the light receiving
unit in the second arrangement state.

According to this aspect, the light that comes from the
subject and that 1s focused by the image-acquisition optical
system 1s focused by the microlenses of the microlens array
via the pupil modulation element, and the light having
passed through each of the microlenses 1s received and 1s
subjected to photoelectric conversion by the plurality of
light receiving elements of the light receiving umt. Then,
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processed 1mages of the subject are generated by the arith-
metic operation unit on the basis of the 1mage information
obtained by photoelectric conversion by the light receiving
clements and the point image intensity distributions stored 1n
the memory unit.

In this case, it 1s possible to acquire a high-definition
light-field 1mage, serving as the first processed image, by
selecting the first arrangement state, in which the plurality of
light recerving elements are arranged by the adjusting unit at
the back focal positions of the microlenses or at the positions
conjugate thereto. On the other hand, 1t 1s possible to
acquire, for example, a normal two-dimensional 1mage with
an extended depth of field, serving as the second processed
image, by selecting the second arrangement state, in which
the plurality of light receiving elements are arranged by the
adjusting unit 1n the vicinities of the principal point positions
of the microlenses or at the positions conjugate to the
principal point positions.

Therefore, 1t 1s possible to acquire a plurality of 1mages
that produce mutually different eflects for the user with a
simple configuration merely for switching between the first
arrangement state and the second arrangement state by
means ol the adjusting unait.

The above-described aspect may include: a relay optical
system that forms a secondary image by relaying, to the
plurality of light receiving elements, the light focused by the
microlenses and by re-forming the primary image, wherein
the adjusting unit may cause the plurality of light receiving
clements to be conjugate to the back focal positions of the
microlenses 1n the first arrangement state and may cause the
plurality of light receiving elements to be conjugate to the
principal point positions of the microlenses 1 the second
arrangement state.

By relaying, by means of the relay optical system, the
light having passed through the microlenses, each of the
light receiving elements can be arranged at the position
conjugate to the back focal position of each of the microl-
enses 1n the first arrangement state, and each of the light
receiving elements can be arranged at the position conjugate
to the principal point position of each of the microlenses in
the second arrangement state. By doing so, regardless of the
shape of each of the microlenses, 1t 1s possible to easily
select the first arrangement state and the second arrangement
state, without causing the optical systems to interfere with
cach other.

In the above-described aspect, the adjusting unit may
include an optical path splitting umt that split the optical
path of the light focused by the 1mage-acquisition optical
system, the position of the exit pupil or the position conju-
gate to the exit pupil may be located on the subject side with
respect to the optical path splitting unit, the plurality of
microlenses may be arranged at the position of the primary
image formed 1n one optical path split ofl by the optical path
splitting unit or at the position conjugate to the primary
image, and the light receiving umit may include: a first light
receiving unit having the plurality of light receiving ele-
ments arranged at the back focal positions of the microlenses
or at the positions conjugate to the back focal positions; and
a second light receiving unit having the plurality of light
receiving elements arranged at the position of another pri-
mary 1image formed in another optical path split ofl by the
optical path splitting unit or at a position conjugate to the
other primary image.

With this structure, of the light having passed through the
pupil modulation element, the light 1n the one optical path
that 1s split ofl by the optical path splitting unit 1s incident
on the microlens array, and the light that has passed through
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cach of the microlenses 1s received by the plurality of light
receiving elements of the first light receiving unit. There-
fore, a high-definition light-field image, serving as the first
processed 1mage, can be acquired by the first light receiving
unit. On the other hand, of the light having passed through
the pupil modulation element, the light in the other optical
path that 1s split off by the optical path splitting unit 1s
received by the plurality of light receiving elements of the
second light recerving unit without passing through the
microlenses. Therefore, for example, a normal two-dimen-
sional 1image with an extended depth of field, serving as the
second processed 1mage, can be acquired by the second light
receiving unit.

The above-described aspect may include: a control unit
that controls switching between the first arrangement state
and the second arrangement state by means of the adjusting
unit, wherein when the control unit causes the adjusting unit
to select the first arrangement state, the arithmetic operation
unit may generate the first processed image, and when the
control unit causes the adjusting unit to select the second
arrangement state, the arithmetic operation unit may gener-
ate the second processed 1mage.

With this structure, 1t 1s possible to automate the switching
between the acquisition of a light-field 1image as the first
processed 1mage and the acquisition of a normal two-
dimensional image as the second processed image by caus-
ing the control unit to switch between the first arrangement
state and the second arrangement state.

In the above-described aspect, the pupil modulation ele-
ment may operate so as to extend the depth of field of the
second processed 1mage.

With this structure, a normal two-dimensional 1image with
an extended depth of field, serving as the second processed
image, can be acquired.

In the above-described aspect, the following conditional
expression may be satisfied.

AZ,/AZ,<1

Here, AZ, 1s the subject depth resolution of the first
processed 1image, and AZ, 1s the depth of field of the second
processed 1mage.

When the above-described conditional expression 1s sat-
1sfied, 1t 1s possible to acquire a high-definition first pro-
cessed 1mage, as well as a second processed 1image having
a depth of field equal to or larger than the subject depth
resolution of this first processed 1image, by using a single
device. In this case, sufliciently independent eflects can be
produced between the first processed 1image and the second
processed 1mage.

A second aspect of the present invention 1s an image
acquisition system including: an 1mage acquisition device
including an 1image-acquisition optical system that focuses
light from a subject and that forms a primary 1mage of the
subject, a microlens array having a plurality of microlenses
that are two-dimensionally arranged at the position of the
primary i1mage formed by the image-acquisition optical
system or at a position conjugate to the primary 1mage and
that focus light from the 1mage-acquisition optical system, a
pupil modulation element that 1s disposed at the position of
an exit pupil of the image-acquisition optical system, said
exit pupil being located on the subject side with respect to
the microlens array, or at a position conjugate to the exat
pupil and that applies modulation of a phase distribution
and/or a transmittance distribution to light to be made
incident on the plurality of microlenses via the i1mage-
acquisition optical system, a light recerving unit that has a
plurality of light receiving elements arranged in units of
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regions corresponding to the plurality of microlenses, that
receives the light focused by the plurality of microlenses,
and that performs photoelectric conversion of the light, and
an 1mage acquisition device having an adjusting unit that
switches between a first arrangement state i which the
plurality of light recerving elements are arranged at back
focal positions of the microlenses or at positions conjugate
to the back focal positions and a second arrangement state in
which the plurality of light recerving elements are arranged
in the vicinities of principal point positions of the microl-
enses or at positions conjugate to the principal point posi-
tions; a memory unit that stores a first point image intensity
distribution indicating a point image intensity distribution
for each position on the subject at the light receiving unit 1n
the first arrangement state and a second point 1mage inten-
sity distribution indicating a point image intensity distribu-
tion of the subject at the light recerving unit 1n the second
arrangement state; and an arithmetic operation unit that
generates a first processed 1mage by using the first point
image intensity distribution stored in the memory unit and
first image information obtained by photoelectric conversion
by the light recerving unit 1n the first arrangement state and
that generates a second processed image by using the second
point image intensity distribution stored in the memory unit
and second image information obtained by photoelectric
conversion by the light recerving unit 1n the second arrange-
ment state.

According to this aspect, processed 1mages of the subject
can be generated by the arithmetic operation umt on the
basis of the image information output from the image
acquisition device and the point image intensity distribu-
tions stored in the memory unit. In this case, both a high-
definition light-field 1image and a normal two-dimensional
image with an extended depth of field can be acquired
merely by switching between the first arrangement state and
the second arrangement state by means of the adjusting unit
of the mmage acquisition device. Therefore, a plurality of
images that produce mutually different effects for the user
can be acquired with a simple configuration.

The above-described aspect may include: a relay optical
system that forms a secondary image by relaying, to the
plurality of light receiving elements, the light focused by the
microlenses and by re-forming the primary image, wherein
the adjusting unit may cause the plurality of light receiving
clements to be conjugate to the back focal positions of the
microlenses in the first arrangement state and may cause the

plurality of light receiving elements to be conjugate to the
principal point positions of the microlenses 1n the second
arrangement state.

In the above-described aspect, the adjusting unit may
include an optical path splitting umit that split the optical
path of the light focused by the 1mage-acquisition optical
system, the position of the exit pupil or the position conju-
gate to the exit pupil may be located on the subject side with
respect to the optical path splitting unit, the plurality of
microlenses may be arranged at the position of the primary
image formed 1n one optical path split off by the optical path
splitting umt or at the position conjugate to the primary
image, and the light recerving umit may include: a first light
receiving unit having the plurality of light receiving ele-
ments arranged at the positions conjugate to the back focal
positions of the microlenses; and a second light receiving,
unit having the plurality of light receiving elements arranged
at a position conjugate to another primary image formed 1n
another optical path split off by the optical path splitting
unit.
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The above-described aspect may include: a control unit
that controls switching between the first arrangement state
and the second arrangement state by means of the adjusting
unmt, wherein when the control unit causes the adjusting unit
to select the first arrangement state, the arithmetic operation
unit may generate the first processed image, and when the
control unit causes the adjusting unit to select the second
arrangement state, the arithmetic operation unit may gener-
ate the second processed 1mage.

In the above-described aspect, the pupil modulation ele-
ment may operate so as to extend the depth of field of the
second processed 1mage.

In the above-described aspect, the following conditional
expression may be satisfied.

AZ,/AZ,<1

Here, AZ, 1s the subject depth resolution of the first
processed 1mage, and AZ, 1s the depth of field ot the second
processed 1mage.

REFERENCE SIGNS LIST
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3 Image-acquisition optical system

5 Microlens array

5a Microlens

7 Phase filter (pupil modulation element)

9 Light recerving unit

9a Light receiving element

11 Adjusting unit

13 Memory unit

15 Arnthmetic operation unit

19, 47 Control unit

23 Relay optical system

33, 41 Optical element (optical path splitting unait)

37 First light receiving unit

37a First light recerving element (light receiving element)
39 Second light receiving unit

39a Second light recerving element (light receiving element)

61 Image acquisition system
S Subject

The mnvention claimed 1s:

1. An 1mage acquisition device comprising:

an 1mage-acquisition optical system that 1s configured to
focus light from a subject and that forms a primary
image ol the subject;

a microlens array having a plurality of microlenses that
are two-dimensionally arranged at a position of the
primary image formed by the image-acquisition optical
system or at a position conjugate to the primary image
and that 1s configured to focus light from the 1mage-
acquisition optical system;

a pupil modulation element that 1s disposed at a position
of an exit pupil of the image-acquisition optical system,
said exit pupil being located on the subject side with
respect to the microlens array, or at a position conjugate
to the exit pupil and that 1s configured to apply modu-
lation of a phase distribution and/or a transmittance
distribution to light to be made incident on the plurality
of microlenses via the 1mage-acquisition optical sys-
tem,;

a light recerving unit that has a plurality of light receiving
clements arranged 1n units of regions corresponding to
the plurality of microlenses, that i1s configured to
receive the light focused by the plurality of microl-
enses, and to perform photoelectric conversion of the

light;
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an adjusting unit that 1s configured to switch between a
first arrangement state in which the plurality of light
receiving elements are arranged at back focal positions
of the microlenses or at positions conjugate to the back
focal positions and a second arrangement state in which
the plurality of light receiving elements are arranged in
vicinities ol a principal point positions of the microl-
enses or at positions conjugate to the principal point
positions;

a memory unit that 1s configured to store a first point
image 1ntensity distribution indicating a point image
intensity distribution for each position on the subject at
the light recerving unit 1n the first arrangement state and
a second point image intensity distribution indicating a
point 1mage intensity distribution of the subject at the
light receiving unit 1n the second arrangement state;
and

an arithmetic operation unit that 1s configured to generate
a first processed 1image by using the first point 1mage
intensity distribution stored in the memory unit and first
image 1nformation obtained by photoelectric conver-
ston by the light receiving unit 1n the first arrangement
state and that generates a second processed 1image by
using the second point image intensity distribution
stored 1in the memory umt and second image informa-
tion obtained by photoelectric conversion by the light
receiving unit in the second arrangement state.

2. The image acquisition device according to claim 1,

comprising;

a relay optical system that 1s configured to form a sec-
ondary image by relaying, to the plurality of light
receiving elements, the light focused by the microl-
enses and by re-forming the primary image,

wherein the adjusting unit causes the plurality of light
receiving elements to be conjugate to the back focal
positions of the microlenses in the first arrangement
state and causes the plurality of light receiving ele-
ments to be conjugate to the principal point positions of
the microlenses 1n the second arrangement state.

3. The image acquisition device according to claim 1,

wherein the adjusting unit includes an optical path split-
ting unit that 1s configured to split the optical path of the
light focused by the 1mage-acquisition optical system,

the position of the exit pupil or the position conjugate to
the exit pupil 1s located on the subject side with respect
to the optical path splitting unit,

the plurality of microlenses are arranged at the position of
the primary 1mage formed in one optical path split ofl
by the optical path splitting unit or at the position
conjugate to the primary image, and

the light recerving unit includes: a first light recerving unit
having the plurality of light receiving elements
arranged at the back focal positions of the microlenses
or at the positions conjugate to the back focal positions;
and a second light receiving unit having the plurality of
light receiving elements arranged at the position of
another primary image formed 1n another optical path
split ol by the optical path splitting unit or at a position
conjugate to the other primary 1image.

4. The image acquisition device according to claim 1,

comprising;

a control unit that 1s configured to control the adjusting

unit,
wherein when the first arrangement state 1s selected, the
arithmetic operation unit generates the first processed
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image, and when the second arrangement state 1s
selected, the arithmetic operation unit generates the
second processed 1mage.

5. The 1mage acquisition device according to claim 1,

wherein the pupil modulation element operates so as to
extend the depth of field of the second processed 1image.

6. The image acquisition device according to claim 1,

wherein conditional expression AZ,/AZ,<1 1s satistied,

where AZ, 1s a subject depth resolution of the first
processed 1mage, and AZ., 1s the depth of field of the
second processed 1mage.

7. An 1mage acquisition system comprising;

an 1mage acquisition device including an image-acquisi-
tion optical system that 1s configured to focus light
from a subject and that forms a primary image of the
subject,

a microlens array having a plurality of microlenses that
are two-dimensionally arranged at a position of the
primary image formed by the image-acquisition optical
system or at a position conjugate to the primary image
and that 1s configured to focus light from the 1mage-
acquisition optical system,

a pupil modulation element that 1s disposed at a position
of an exit pupil of the image-acquisition optical system,
said exit pupil being located on the subject side with
respect to the microlens array, or at a position conjugate
to the exit pupil and that 1s configured to apply modu-
lation of a phase distribution and/or a transmittance
distribution to light to be made incident on the plurality
of microlenses via the 1mage-acquisition optical sys-
tem,

a light recerving unit that has a plurality of light receiving
clements arranged 1n units of regions corresponding to
the plurality of microlenses, that i1s configured to
receive the light focused by the plurality of microl-
enses, and to perform photoelectric conversion of the
light, and

an 1mage acquisition device having an adjusting unit that
1s configured to switch between a first arrangement
state 1n which the plurality of light receiving elements
are arranged at back focal positions of the microlenses
or at positions conjugate to the back focal positions and
a second arrangement state 1n which the plurality of
light receiving elements are arranged 1n vicinities of a
principal point positions of the microlenses or at posi-
tions conjugate to the principal point positions;

a memory umt that 1s configured to store a first point
image 1ntensity distribution indicating a point image
intensity distribution for each position on the subject at
the light recerving unit 1n the first arrangement state and
a second point image intensity distribution indicating a
point image intensity distribution of the subject at the
light recerving unit in the second arrangement state;
and

an arithmetic operation unit that 1s configured to generate
a first processed 1image by using the first point 1mage
intensity distribution stored in the memory unit and first
image 1mformation obtained by photoelectric conver-
ston by the light recerving unit 1n the first arrangement
state and that generates a second processed 1image by
using the second point image intensity distribution
stored 1in the memory unit and second image 1informa-
tion obtained by photoelectric conversion by the light
receiving unit 1n the second arrangement state.

8. The image acquisition system according to claim 7,

comprising;
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a relay optical system that 1s configured to form a sec-
ondary image by relaying, to the plurality of light
receiving elements, the light focused by the microl-
enses and by re-forming the primary image,

wherein the adjusting unit causes the plurality of light
receiving elements to be conjugate to the back focal
positions of the microlenses in the first arrangement
state and causes the plurality of light receiving ele-

ments to be conjugate to the principal point positions of

the microlenses 1n the second arrangement state.

9. The 1image acquisition system according to claim 7,

wherein the adjusting unit includes an optical path split-
ting unit that 1s configured to split the optical path of the
light focused by the 1mage-acquisition optical system,

the position of the exit pupil or the position conjugate to
the exit pupil 1s located on the subject side with respect
to the optical path splitting unat,

the plurality of microlenses are arranged at the position of
the primary 1mage formed in one optical path split ofl

10

15

by the optical path splitting unit or at the position 20

conjugate to the primary image, and

the light recerving unit includes: a first light recerving unit
having the plurality of light receiving elements
arranged at the positions conjugate to the back focal

26

positions of the microlenses; and a second light rece1v-
ing unit having the plurality of light receiving elements
arranged at a position conjugate to another primary
image formed in another optical path split oif by the
optical path splitting unat.

10. The image acquisition system according to claim 7,

comprising;

a control umt that 1s configured to control the adjusting
unit,

wherein when the first arrangement state 1s selected, the
arithmetic operation unit generates the first processed
image, and when the second arrangement state 1s
selected, the arithmetic operation unit generates the
second processed 1mage.

11. The image acquisition system according to claim 7,

wherein the pupil modulation element operates so as to
extend the depth of field of the second processed 1image.

12. The image acquisition system according to claim 7,

wherein conditional expression AZ,/AZ.,<1 1s satisfied,

where AZ, 1s a subject depth resolution of the first
processed 1mage, and AZ, 1s the depth of field of the
second processed 1mage.
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